When brain tissue is homogenized in media isoosmotic to plasma, the club-like presynaptic nerve endings resist disruption and are snapped or torn off from their attachments to form discrete particles (nerve-ending particles) in which all the main structural features of the nerve ending are preserved. For these particles we propose the name ' synaptosomes' in order to emphasize their relative homogeneity and their resemblance in physical properties to other subcellular organelles. They can be separated as a distinct fraction by differential and density-gradient centrifuging (Gray & Whittaker, 1960 Whittaker, 1960) . This fraction contains most of the particle-bound acetylcholine (Hebb & Whittaker, 1958; Whittaker, 1959) , choline acetyltransferase (choline acetylase) (Hebb & Whittaker, 1958) , hydroxytryptamine (Whittaker, 1959; Michaelson & Whittaker, 1962 and noradrenaline (Chrusciel, 1960) of the tissue. Since acetylcholine is now well established, by all the classical criteria, as a central as well as a peripheral transmitter (for a review see Gaddum, 1961) , it seems reasonable to conclude that the particlebound acetylcholine and choline acetyltransferase of the fraction represent acetylcholine and enzyme localized within synaptosomes derived from cholinergic neurones. Similarly, the 5-hydroxytryptamine and noradrenaline in this fraction are probably due to the presence of synaptosomes derived from neurones containing these amines. This view has been strengthened by the findings of Carlsson, Falck & Hillarp (1962) , who have obtained histochemical evidence for the neuronal localization of these amines in the brain.
The nerve endings and the synaptosomes derived from them have a complex fine structure when examined under the electron microscope with positive staining and thin sectioning (see review by Whittaker or negative staining (Home . They are seen to consist (Plate 1 d) of thin-walled bags containing cytoplasm packed with synaptic granules or vesicles (Sj6strand, 1953; Palay & Palade, 1954; Robertson, 1956; De Robertis & Bennett, 1955; Moran, 1957) ; frequently (though not in this example) one or more mitochondria are also present. The region of the post-synaptic membrane immediately adjacent to the ending is thickened; on homogenization it may remain adherent and accompany the synaptosome through the various steps of the fractionation procedure. Synaptic vesicles appear to be of at least three main kinds: 'hollow', 'dense-cored' and 'compound' (Plate 1 d). They have been proposed as the actual binding sites of transmitters within the nerve endings (De Robertis & Bennett, 1955; del Castillo & Katz, 1955 De Robertis, 1958) and as the morphological counterpart of the 'quantized' release of acetylcholine detected electrophysiologically (Fatt & Katz, 1952) . The dense-cored vesicles are numerous in peripheral adrenergic nerve endings, and have there been proposed as the binding sites of noradrenaline.
We have for some time been studying the disruption of synaptosomes with the object of obtaining, as separate fractions, synaptic vesicles, intraneuronal mitochondria, external and postsynaptic membranes and the soluble constituents of the nerve-ending cytoplasm for biochemical and pharmacological analysis (Whittaker, 1961) . For the morphological control of the various disruptive procedures in the electron microscope, negative staining was found to avoid many of the limitations inherent in conventional methods of positive staining, embedding and thin sectioning when applied to this kind ofmaterial (Home & Whittaker, 1962; Whittaker, 1963a) .
Suspension of synaptosomes in media hypoosmotic to plasma was found to result in the bursting of about 80 % of the synaptosomes with the survival of intact synaptic vesicles and about 50 % of the bound acetylcholine. By contrast, frozen-and-thawed preparations contained fewer ruptured synaptosomes and almost no intact synaptic vesicles unconfined by an external membrane (Johnson & Whittaker, 1962 . In this work, lactate dehydrogenase was used as a marker for the easily-diffusible water-soluble components of the nerve-ending cytoplasm.
It was therefore decided, in the current series of experiments, to use suspension in water as a means of releasing the vesicles. To separate the vesicles from membrane fragments, mitochondria and incompletely disrupted synaptosomes, a densitygradient procedure was devised. The tendency of vesicles to remain clumped together after release as though embedded in a sticky cytoplasm (Whittaker, 1961 (Whittaker, , 1963a ) proved troublesome and decreased the yield of free vesicles. Preliminary accounts of this work have already been given (Whittaker, 1963 b; Whittaker, Michaelson & Kirkland, 1963 04O , with analytical-grade reagents and freshly prepared glass-distilled water. Guinea-pig forebrains were homogenized in 0 32M-sucrose and separated into fractions P1 (nuclei, large myelin fragments, tissue debris), P2 (mitochondria, synaptosomes, small myelin fragments, some microsomes) and S2 (microsomes, some small mitochondria and synaptosomes) as described by , except that, to speed preparation and to diminish microsomal contamination, P1 was not washed and P2 was separated at lOOOOg for 20 min. instead of at 17000g for 60 min. This resulted in a lower yield of synaptosomes (and therefore of acetylcholine and choline acetyltransferase) in fraction P2 but this was immaterial for our purposes. In some experiments the P2 pellet was washed by resuspension in 0-32M-sucrose and recentrifuging at 1OOOOg for 30 min. In other experiments the resuspended P2 pellet was further fractionated into subfractions A (myelin, some synaptosomes and microsomes), B (synaptosomes and some microsomes) and C (mitochondria) by means of a discontinuous density gradient consisting of equal volumes of 0-8M-and 1-2M-sucrose as described by . The A and B fractions were diluted with equal volumes of water and centrifuged at 40000 rev./min. (lOOOOOg) for 60 min. to give well-packed pellets.
For comparison, fractions were prepared under identical conditions from guinea-pig liver.
Disruption of fractions. The P2 or B pellets were disrupted (1) by freezing-and-thawing ten times, or (2) by suspending in water (2 ml./g. of original tissue). When the latter method was used, the water suspension, W, was usually centrifuged at lOOOOg for 20 min. to remove the larger mitochondria and myelin fragments as a loosely packed pellet, Wp, leaving a cloudy supernatant, W8, for further fractionation. In some experiments, the water contained eserine sulphate (0.2%). This had the effect of preserving the 50% of the acetylcholine originally present in the P2 fraction which was released into the free state by the water treatment (Whittaker, 1959) and which was otherwise destroyed by the cholinesterase present in the preparation.
In a few experiments, CaCl2 (0-001-01 %) was added to the sucrose or the water, or both, used in the fractionations.
Concentrations of CaCl2 less than about 0-01 % had no effect, but concentrations greater than this tended to cause particulate material to form coacervates, thereby decreasing yields.
Density-gradient separation of disrupted fractions. Suspensions of disrupted material (5-6 ml., corresponding to 1-5-2-5 g. of tissue/tube) were transferred to discontinuous density gradients usually consisting of five successive layers (5 ml./tube) of sucrose differing in concentration by 0-2M and varying from 0-4M at the top to 1-2M at the bottom of the gradient. In an abbreviated procedure, when only the lightest fractions were required, the gradient consisted of 0 4M-sucrose (5 ml./tube) layered over 20 ml. of 0-6M-sucrose. The gradients were set up about 1 hr. before use in Lustroid tubes of the SW25 head of the Spinco model L preparative ultracentrifuge. After centrifuging at 25000 rev./min. (53 500g) for 2 hr. the tubes and contents were sliced in a tube cutter to give a number of separate fractions. Volume recoveries were 85-92 %.
Analysis offractions Total nitrogen. This was determined by the microKjeldahl method and expressed in milligrams.
Potassium. This was kindly determined by Dr M. W.
Smith, using an EEL model A flame photometer. Results are expressed in micrograms. Late dehydrogenase. This was determined spectrophotometricallyas described by Johnson (1960) by following the change in extinction at 340 mp, accompanying the transfer of hydrogen from NADH2 to sodium pyruvate, with a Unicam SP. 700 recording spectrophotometer. Lactate dehydrogenase has been shown to be a soluble cytoplasmic enzyme in brain; the portion of the enzyme associated with particles is a marker for the soluble cytoplasm of synaptosomes (Johnson & Whittaker, 1962 . Enzyme activities are expressed as the change in extinction at 340 mjL (AE3,40)/min. Succinate dehydrogenase. This was used as a mitochondrial marker and was determined manometrically with potassium ferricyanide as the electron acceptor, as described by Whittaker (1959) . The enzyme activity is expressed as /emoles of succinate oxidized/hr. Choline acetyltransferase. This was determined after activation with ether (Hebb & Smallman, 1956 ) by the procedure of Berry & Whittaker (1959) . The enzyme activity is expressed as j.moles of acetylcholine formed/hr.
Cholinesterase. This was determined manometrically by the method of Ammon (1933) , with acetylcholine as substrate in a final concentration of 10 mm. A decrease in activity was observed with higher concentrations of acetylcholine, indicating that the enzyme was mainly acetylcholinesterase. The enzyme activity is expressed as ,umoles of acetylcholine hydrolysed/hr.
Acetylcholine. The acetylcholine content of fractions was assayed on a small (8 mm. x 0-25 mm.) slip of the dorsal muscle of the leech mounted in a horizontal organ bath of 0 05 ml. capacity as described by Szerb (1962) , except that eserine (1 mg./100 ml.) added to the medium was used to sensitize the preparation instead of a short exposure to sarin. Contractions were isotonic. The thickness of the muscle slip was found to be fairly critical; slips thicker than 0 5 mm. did not relax well. (2) as a percentage of the total recovered activity, and (3) as relative specific activity, i.e. as (2) divided by the nitrogen content of the fraction expressed as a percentage of the total recovered nitrogen. Nitrogen rather than protein content was used to calculate relative specific activities because the protein content of fractions consisting mainly of phospholipid membranes may be extremely low. Relative specific activities determined on a protein basis may be subject to considerable error. Relative specific activities of fractions low in nitrogen into which soluble active material may have diffused are also misleading.
Percentage recoveries were corrected for losses of material during tube slicing.
Electron microscopy
Samples were prepared for examination in the Siemens Elmiskop I tYM 11 electron microscope by using the technique of negative staining as adapted for mammalian subcellular fractions by Home & Whittaker (1962) . Dilute suspensions of particles were usually fixed by the addition of an equal volume of ice-cold 10% (w/v) formaldehyde in 0-32M-sucrose previously neutralized to pH 7-4 with 0 33N-NaOH. A drop of the fixed suspension was placed on a collodion-carbon-coated specimen grid grasped in forceps and most of the liquid withdrawn with a piece of filter paper lightly applied to the side of the grid. A drop of 1-2% (w/v) phosphotungstic acid previously neutralized to pH 7-4 with 2N-NaOH was then placed on the grid and similarly almost completely removed. Some grids were found to be markedly hydrophobic and withdrawal of most of the droplet did not leave the thin film of liquid evenly deposited over the surface of the grid which was essential for successful negative staining. Such grids were rejected. Prior coating of the grids with a thin film of aqueous 1%
(w/v) bovine serum albumin promoted spreading but reduced resolution. Interference by sucrose was occasionally troublesome. If not diluted out sufficiently by phosphotungstate it disrupted the negative-staining pattern, forming hard-edged patches of light contrast. When present in low concentrations it sometimes gave rise, in regions of thick phosphotungstate deposition, to a pattern of small regular white patches superficially similar to small membrane fragments. With practice, however, such patches could be readily distinguished from biological structures by their locus and hard contrast. Negatively stained preparations of free synaptic vesicles were found to be unstable and were best examined as soon as possible after preparation. Larger structures (e.g. mitochondria) were stable for several days.
RESULTS
Fractionation of water-treated synaptosomes on a density gradient When the supernatant of the water-treated P2 fraction, W., was submitted to density-gradient separation, the appearance of the tubes after centrifuging was as shown in Fig. 1 .
The tube and contents were separated into seven fractions in a manner dictated by the distribution of material in the gradient. Fractions E, F, G and H corresponded to wellmarked cream-coloured bands of particulate material floating between 0-4M-and 0-6M-sucrose, 0-6M-and 0-8M-sucrose, 0-8M-and 1-OM-sucrose, and 1-OM-and 1-2M-sucrose respectively. Fraction H included all the 1-2M-sucrose layer. Fraction I was the tan-coloured pellet of particles denser than 1-2M-sucrose which had sedimented to the bottom of the tubes, and was resuspended in 0-32M-sucrose for analysis. Morphology of fractions. Each fraction was examined by negative staining in the electron microscope. The results are summarized in Table 1 ; representative electron-micrographs are reproduced in Plates 1 (a)-l (c), 2 (a)-2 (d) and 3 (a).
Fraction 0 contained no organized structures. The pattern of phosphotungstate deposition was not entirely uniform and was broken up in patches. This could have been caused by the presence of soluble protein or lipid deposited in amorphous masses on drying.
Fraction D (Plates la-1c) consisted almost entirely of small vesicular structures about 500A in diameter together with a few larger oval membrane fragments of a kind that were abundant in the next fraction E. The small vesicles were identical in size and shape with the synaptic vesicles seen within negatively-stained nerve-ending particles when these had been sufficiently disrupted to permit the ingress of phosphotungstate (Plate 1 d), and all the various types were represented. Fraction E (Plate 2 a) consisted mainly of circular or oval membrane fragments about 0-1-0-3 j in diameter similar to those seen in the microsomal fraction of brain homogenates by . Synaptic vesicles were, however, also present, sometimes in small clumps, and there were occasional myelin fragments.
Fractions F and G (Plates 2 b and 2 c) were similar. They contained membrane fragments of various shapes and sizes, from microsomal dimensions to those of intact synaptosomes. Occasionally synaptic vesicles could be seen within the larger fragments which are probably the outer membranes of synaptosomes with some cytoplasm and synaptic vesicles remaining within ('synaptosome ghosts'). These synaptosome ghosts were more abundant in fraction G than in fraction F. Thick non-vesicular membranes were also common, resembling post-synaptic membranes. These were more plentiful in fraction F than in fraction G.
Fraction H (Plate 2d) contained a confused mass of membranes of greatly different sizes, resembling the parent fraction W, and is believed to represent incompletely disrupted synaptosomes. It is difficult to convey an adequate impression of this fraction in a single electron-micrograph. Frequently, small mitochondria of a size similar to those seen within synaptosomes could be seen surrounded by vesicular masses resembling synaptic vesicles and disrupted external membranes. It is known from previous work (summarized by Whittaker, 1963a ) that the synaptic vesicles of ruptured endings behave as though they are embedded in a sticky cytoplasm. The equilibrium densities of the G and H fractions correspond to that of intact synaptosomes (Gray & Whittaker, 1960 Michaelson & Whittaker, 1962; Johnson & Whittaker, 1962 .
Fraction I (Plate 3a) consisted almost entirely of small mitochondria with the characteristic fine structure (Whittaker, 1963a) of swollen mitochondria. It also contained unpenetrated structures tentatively identified with the highly osmiophilic shrunken synaptosomes seen in intact preparations exposed to hyperosmotic sucrose and referred to as 'black bodies' by . (1963a) . The large membrane fragments and damaged synaptosomes of (a) are absent. and non-vesicular membrane fragments were all visible in adjacent areas.
Fraction Wp contained mainly large mitochondria and myelin fragments; however, considerable numbers of partially damaged synaptosomes were also present. Its morphology was consistent with the relatively high proportion of the mitochondrial marker, succinate dehydrogenase, and relatively low proportions of other components sedimenting in this fraction (Table 2) .
Activity of fractions. The lactate-dehydrogenase, succinate-dehydrogenase, choline-acetyltransferase, cholinesterase and acetylcholine activities of the various fractions are presented in Tables 2 and 3 . The rather large standard deviations in Table 2 were due to the difficulty experienced in duplicating conditions exactly each time. One source of variation was the difference in the weights of tissue processed, but the main variation was probably due to the difficulty of cutting the tubes in exactly the same way each time. Nevertheless the general pattern of distribution in each experiment was the same.
The most noteworthy finding was that acetylcholine ( (Hebb & Whittaker, 1958) . After water-treatment, choline acetyltransferase behaves like lactate dehydrogenase, potassium and bovine serum albumin, being recovered mainly in fraction 0. As with these other components, the concentration in fraction D is consistent with diffusion from fraction 0. High Table 3 serve to show that, in general, the fractions with the highest activities are also the fractions with the highest relative specific activities.
Effect of inhibiting cholinestera8e. When eserine sulphate (0.2 %) was present in the water in which the P2 pellet was suspended, the free acetylcholine released was not destroyed and was recovered, as one would expect, mainly in the 0 and D fractions with smaller amounts in other fractions.
Preparation of vesicles from fraction B. When fraction B, consisting almost entirely of synaptosomes, was suspended in water and fractionated on the density gradient, fractions similar to those described above were obtained. The exposure of the synaptosomes to hyperosmotic sucrose during their isolation from the P2 fraction did not prevent vesicles from being released. Fractionation of frozen-and-thawed and untreated preparations For comparison with the experiments described in the preceding section, washed P2 fractions were divided and one half frozen-and-thawed ten times. The frozen-and-thawed and untreated preparations were then placed on to the usual density gradients and separated as described above.
The appearance of the tubes after the centrifuging was essentially the same for both preparations but different from those in which watertreated material had been fractionated. The D band was no longer visible, the E band was faint and the H band was intensified. Most of the lactate dehydrogenase, choline acetyltransferase, acetylcholine and nitrogen were recovered in the H band; however, with the frozen-and-thawed preparations significant amounts of lactate dehydrogenase (23 %) and choline acetyltransferase (20 %) were recovered in the region 0-0 4M-sucrose corresponding to the 0 and D bands of the water-treated preparations. These results are consistent with previous conclusions (Johnson & Whittaker, 1962 (Whittaker, 1959 Effect of acid. Brief (1-2 min.) exposure at 00 to acid conditions (pH 4.0) released all the bound acetylcholine of the fraction. This release was accompanied by a remarkable change in the morphology of the vesicles (Plates 3c and 3d). They clumped together and apparently began to fuse. These experiments showed that it is not necessary to heat the D fraction at 1000 for 10 min. to release all the bound acetylcholine, as was in fact done as a routine.
Are the particles offraction D an artifact?
A problem that must be seriously considered is the possibility that the synaptic vesicles of fraction D are simply lipoprotein micelles that have arisen as the result of the degradation of lipoprotein membranes by water-treatment and mechanical disruption during preparation. The presence of bound acetylcholine might then be accounted for by the uptake by the lipoprotein micelles of small amounts of acetylcholine released from storage sites during manipulation.
It may be difficult to disprove such a proposition until analyses on the lipid composition of the isolated vesicles are complete. Nevertheless, two types of experiments have been carried out in an attempt to test it.
Attempted preparation of 'synaptic vesicles' from liver. A liver-mitochondrial fraction was suspended in water and submitted to density-gradient fractionation by exactly the same procedure as was used for preparing fraction D from brain. The density gradient, illustrated diagrammatically in Fig. 2 , had a very different appearance from that shown in Fig. 1 . At the top was a thin layer of fat. The regions corresponding to most of fraction 0 and the whole of fractions D and E were clear and lemon-yellow in colour; in the electron microscope they were found to be free from organized membranous structures. Particulate material corresponding to fractions F, G, H and I was present, but only the pellet (corresponding to fraction I) contained much material. This consisted of badly damaged mitochondria often with disintegrating matrices. Swollen mitochondria also accounted for most of the layer corresponding to fraction H. The mitochondria were more damaged than in brain which is in accordance with the known greater fragility of liver mitochondria. The regions equiva- lent to fractions F and G appeared to consist mainly of mitochondria fragments, but there were also occasional larger granular bodies which might have been lysosomes. Other work has shown that liver mitochondria are much more readily disrupted in water than brain mitochondria. It seems clear that particles like the isolated synaptic vesicles of the D fraction from brain do not arise spontaneously from lipoprotein membranes generally.
Effect of emulsified lecithin. Acetylcholine (5pm-moles/ml.) and lecithin (2,umoles/ml.) were shaken together in aqueous solution and the ensuing emulsion tested on the frog rectus-abdominismuscle preparation. (De Robertis et al. 1962 , 1963b , they stress the importance of the presence of a low concentration of Ca2+ ions, sucrose solutions were deionized before use by passage through a mono-bed resin (Amberlite MB-1) to remove traces of Ca2+ and other ions, and calcium chloride was added to give a final concentration of 10/iM.
The water used for resuspending the P2 fraction also contained this concentration of calciLun chloride. Our results (Table 4) Gray & Whittaker (1960 and Horne & Whittaker (1962) . These workers found that osmic acidtreated synaptosomes are extremely fragile and disintegrate on resuspension liberating vesicles stained with osmic acid. It is this property which accounts for the appearance of the previous electron-micrographs of the B fraction (Whittaker, 1959) (Whittaker, 1959 (acetylthiokinase) , which provides the acetyl-coenzyme A for the acetylation of choline.
The yield of isolated synaptic vesicles cannot at present be estimated with any certainty but is probably low. About 10 % of the acetylcholine originally present in the P2 fraction is eventually recovered in the D band. If it is assumed that all the acetylcholine was originally present in the vesicles and that no gains or losses occurred subsequent to water-treatment, the yield would also be about 10 %. If the vesicles were not the sole 'compartment' or acetylcholine were lost from them during isolation, or both, the yield might be considerably higher. Work is continuing in an attempt to raise the yield. SUMMARY 1. A density-gradient procedure has been devised for fractionating pinched-off nerve endings ('synaptosomes') after disruption by suspension in water.
2. Seven fractions are obtained. These consist of soluble cytoplasmic components, synaptic vesicles, microsomes, larger membrane fragments, partially disrupted synaptosomes and mitochondria.
3. The various fractions have been characterized morphologically and biochemically. Lactate dehydrogenase (known to be a soluble-cytoplasmic marker), potassium and choline acetyltransferase were recovered mainly in the soluble-cytoplasmic fraction; succinate dehydrogenase in the mitochondrial fraction; and cholinesterase in the microsome and large-membrane fractions. Bound acetylcholine was distributed bimodally, part being recovered in the synaptic-vesicle fraction and part in the fraction containing incompletely disrupted synaptosomes.
4. The isolated synaptic vesicles had a mean diameter of 469 + 110A, close to values reported in the literature for synaptic vesicles in whole-tissue preparations.
5. The acetylcholine in the vesicle fraction was in the bound form, but was readily released on incubation or acid treatment. The specific activity of this fraction was higher than that of preparations of intact synaptosomes.
6. The 'compartmentalization' of acetylcholine, choline acetyltransferase and cholinesterase in the cholinergic synapse is discussed in the light of these findings. The bile alcohol cyprinol has been isolated from four species of fish of the family Cyprinidae and was shown by feeding experiments on captive carp to be very probably made in vivo from cholesterol (Haslewood, 1955 (Haslewood, , 1959 . The infrared-absorption spectrum of cyprinol was recognized as showing the presence in the molecule of the nucleus of allocholic acid and chromic oxidation gave a mixture probably containing 3,7,12-trioxoallocholanic acid (Briggs & Haslewood, 1962) .
Cyprinol was also made from carp bile by Hoshita (1962) , who isolated, after alkaline hydrolysis, the diacetate of anhydrocyprinol. Hoshita (1962) oxidized the acetylated anhydrocyprinol with chromic acid at 700: the product after hydrolysis was found to contain allocholic acid and also a substance that had the mobility on paper chromatograms of 25-homocholic acid. Lithium
